Introduction
Gamma ray astronomy is now emerging as a very rewarding avenue of astronomical research. Although this very high energy astronomy had long been known to hold potentially great rewards, because of its ability to reveal the dynamic, high energy processes in our galaxy and the universe, its development has been slow and difficult, primarily because of the low intensity of celestial gamma rays both in absolute terms and relative to the cosmic rays.
Whereas some gamma radiation presumably arises simply from high energy extensions of the same mechanisms responsible for X-rays (bremsstrahlung, the inverse Compton effect, and magnetobremsstrahlung), other and possibly more significant components probably have origins unique to the y-ray region. There are, for example, the gamma rays produced by the decay of neutral pions formed in the collision of energetic cosmic ray nucleons with the interstellar nuclei and by nucleon-antinucleon annihilation. Other processes leading to gamma rays, such as the high energy shock wave possibly associated with a supernova burst, are unique to astrophysical bodies.
The first certain detection of celestial gamma rays came from a satellite experiment flown on OSO-III. With this detector Kraushaar et al. [1] , observed the emission of gamma rays with energies above 50 MeV from the galactic disk with a peak intensity toward the galactic center. However, the limited spectral and spatial resolution of this pioneering experiment left many questions unanswered. Two second generation spark chamber gamma ray telescopes have now been flown on NASA's SAS-2 and ESRO's TD-1 satellites. Several results from SAS-2 have already been reported in the literature [2, 3, 4] ; and, together with the more recent results, also to be summarized here, a more detailed picture of the high energy gamma radiation is beginning to emerge, especially when combined with the data on low energy gamma rays which are becoming available from several balloon and satellite experiments. Results from the TD-1 gamma ray experiment will be presented by Pinkau [5] .
Since the work to be reported here draws heavily on the results from the SAS-2 gamma ray experiment, a brief description of that instrument will be given first.
SAS-2 Detector Description
A schematic diagram of the gamma ray telescope flown on SAS-2 is shown in Fig. 1 . The spark chamber assembly consists of 16 spark chamber modules above a set of four central plastic scintillators and another 16 modules below these scintillators. Thin tungsten plates, averaging 0.03 radiation lengths thick, are interleaved between the spark chamber modules, which have an active area of approximately 640 cm 2 . The large number of thin tungsten plates and spark chambers serve a dual purpose; first, to provide material for the gamma ray to be converted into an electron pair which can then be clearly identified and from which the arrival direction of the gamma ray can be determined, and secondly, to provide a means of determining the energy of the electrons in the pair by measuring the Coulomb scattering. The energy threshold is about 30 MeV. The energy of the gamma-ray can be measured up to about 200 MeV, and the integral flux above 200 MeV can be determined. A more complete discussion of the SAS-2 gamma ray telescope is given by Derdeyn et al. [6] . The calibration and data analysis are similar to that used for previous balloon gamma ray digitized spark chambers [7, 8, 9, 10] . The SAS-2 satellite is capable of being pointed in any direction, and normally viewed the same region of the sky for a period of about a week. The orbit is nearly equatorial at an altitude ranging from about 440 km to 610 km.
Experimental Results and Discussion
The gamma ray observations which have been obtained with the SAS-2 and other high energy gamma ray experiments divide naturally into four subjects: the strong component from the galactic plane with its hard energy spectrum, the general diffuse radiation, low energy gamma ray bursts, and compact sources. Each of these will now be presented with the experimental results in each case being followed directly by a discussion of their possible interpretation.
Galactic Plane

Experimental Results
Relative to the general background celestial diffuse radiation, a strongly enhanced intensity of high energy (> 30 MeV) gamma rays is observed along the entire galactic plane. This galactic plane gamma radiation also has a very different energy spectrum than the diffuse celestial radiation to be discussed in Section 3.2, the galactic plane spectrum being much flatter and consistent with a predominantly rn origin above 50 MeV [3] .
The region in AI from about 330' to about 40' is particularly intense, as seen in Fig. 2 , which shows the intensity of gamma rays above 100 MeV summed from b II = -100 to b I I = +100 and plotted as a function of galactic longitude. Notice particularly that the radiation from the galactic center itself is not more intense than the rest of the interval of about 70° or 800 in II around the galactic center. This lack of a peak in the gamma ray distribution at the center negates any theory which tries to explain the general enhancement in the region (3200 < III < 400) in terms of a theory involving a strong maximum of emission in the galactic center region.
Fig
. 3a [11] shows the angular distribution in b II of the gamma rays in the interval 3350 < II < 25*. The experimental points in this figure have been compared to the sum of two curves with nearly equal areas, one with the detector resolution corresponding to the hard spectrum above 100 MeV and the other a gaussian with a projected Ic of 60. As will be discussed later, this result implies that the origin of the radiation is about equally divided between close (< 2 or 3 kpcs) and more distant regions. In Fig. 3b [11], the distribution in b II for that portion of the region Crab region has been excluded., Here there is no narrow peaksuggesting that most of the radiation is coming from relatively close regions as expected since the sun is fairly far from the galactic center and there are no strong sources thought to be near the rim of the galaxy. The other striking feature in Fig. 3 is the very much greater intensity of the galactic radiation in the 335 < AII < 25' region, which was also seen in Fig. 1 .
There are two peaks, at 2600 < III < 2700 and 700 < II < 800, in addition to that due to the Crab nebula (1800 < II < 190).
The spectra from these regions are also quite hard and indistinguishable from the other regions just mentioned. The region of greater intensity of the two, that between 2600 and 2700, has been discussed by Thompson et al. [4] . This enhancement is centered around b I I = -3 (+1)" rather than b I I = 0' , and is significant at the 80 level. As noted by Thompson et al. [4] this enhancement could be the result either of a galactic arm feature or a compact source, but the limited extent, the fact it is centered at b I I = -3 (+1)O, and that the Vela X supernova remant is consistent with its location strongly suggestthe latter explanation. This possibility will be pursued further in Section 3.4.2.
Discussion of Galactic Radiation
The high energy galactic gamma rays are generally thought to result from the interaction of cosmic rays and interstellar matter. This concept is supported by the relatively hard energy spectra observed here for most of the galactic plane. This hypothesis will be examined now in terms of some of the models that have been proposed after a brief review of the points in the basic calculation of particular importance here.
The number and energy spectrum of the gamma rays produced by cosmic rays interacting with interstellar matter has been calculated in detail for the case of the cosmic radiation in intergalactic space by several authors (e.g. Stecker [12] ; Cavallo and Gould [13] ). The flux of gamma rays with energies greater than E at a distance r is
given by the expression
where S is the number of gamma rays produced on the average for one interstellar nucleus/sec. and a cosmic ray energy density and spectrum equal to that near the earth, n is the intergalactic nucleon density, and g has been introduced here to represent the ratio of the cosmic ray density to that in the vicinity of the solar system. Following Stecker [14] , S is taken to be 1.510-25/sec.
It is worth mentioning at this point that the principal contribution to the high energy gamma radiation from the cosmic ray inter.-actions with interstellar matter comes in the cosmic ray energy range from a few-tenths of a GeV to a few tens of GeV. Below that energy range the parent TTo mesons are not produced, and at higher energies the contribution is very small because the cosmic ray energy spectrum is decreasing much faster with energy (-E1/4).
Hence, when cosmic rays are mentioned here, the energy range mentioned above is implied.
In the first attempts to compare the observed high-energy gammaray intensity with calculated values, it was assumed (e.g., Kraushaar, et al. [1J) that the cosmic-ray density was uniform throughout the galaxy so that g could be taken outside the integral in Eq. (1), and was usually set equal to one. Using the 21-cm data to estimate columnar hydrogen density Kraushaar, et al. showed that whereas the calculated intensity was fairly close to that expected in the anticenter direction when the expected intensity was integrated over the solid angle of the detector (which had a gaussian angular sensitivity with a l of about 150), the observed intensity in the galactic center region was about four times the calculated value.
Thus, the galactic longitudinal dependence was clearly inconsistent with this model, and it could, therefore, not be brought into agreement by assuming a uniformly higher value of the cosmic-ray density or by assuming that the total matter density was uniformly much higher beczause a significant portion of the interstellar hydrogen was in molecular form, for example.
More recently, Strong, et al. F15], have assumed that the cosmic-ray density has a smooth distribution, but one which increases towards the galactic center according to the equation:
In this relation Z is the height above the galactic plane, Z o = 175 pc and R = distance to galactic center in kpc. The choice of this form was based on this expression representing the mean magnetic field (n=l) or the square of the mean magnetic field (n=2), in accordance with the work of Thielheim, et al. [16] . The results were in better agreement with the center-anticenter ratio, but do not agree in detail with more recent SAS-2 results. This work, however-,-is important as one of the papers breaking with the traditional constant density cosmic-ray concept.
Stecker, et al. [17] , have proposed that the galactic cosmicray flux varies with the radial distance from the galactic center and is about an order of magnitude higher than the local value in a toroidal region between 4 and 5 kpc. They further suggest that this enhancement can be plausibly accounted for by Fermi acceleration caused by a hydrodynamic shock driven by the expanding gas in the In pursuing the problem of galactic gamma radiation, it is important to realize that the one-dimensional full-width angular resolution of the high-energy gamma-ray detectors flown thus far has been either several degrees, for SLS-2, or about 250 in the.case of OSO-III. Thus, the observed intensity of a feature with a thickness comparable to the disc of the galaxy will decrease approximately as one over the distance once it is more than 2 kps away from SAS-2 (and closer for OSO-III), and faster if it is also small in extent within the plane. Hence, more distant regions of the galaxy have to be substantially more intense than local ones to explain an observed intensity of gamma-rays in any given direction with the present instruments. This consideration, together with the geometrical distribution of the intense high-energy gamma radiation, particularly the broad, relatively flat distribution of the gamma radiation in galactic longitude over 700 to 90° in the central region of the galaxy, suggested to Kniffen et al. [3] and Bignami and Fichtel [18] , that the source of the enhancement is possibly predominantly diffuse radiation from the spiral arm segments closest to the sun in the direction of the galactic center.
Bignami and Fichtel [18] have proceeded further and proposed that in general the cosmic-rays are enhanced where the matter is greatest; namely, in the arm segments and clouds. This hypothesis is supported by the following considerations: First, it is assumed that the cosmic-rays and magnetic fields are galactic and not universal. Then, as shown by Bierman and Davis [19] and Parker [20] in more detail, the magnetic fields and cosmic-rays can only be contained by the weight of the gas through which the magnetic fields penetrate;
and, hence, they are tied to the matter. The galactic cosmic-ray energy density cannot substantially exceed that of the magnetic fields, or the cosmic-ray pressure will push a bulge into the fields ultimately allowing the cosmic-rays to escape. The local energy density of the cosmic-rays, however, is about the same as the estimated energy density of the average magnetic fields and the kinetic motion of matter. Together the total pressure of these three effects is estimated to be equal to the maximum that the gravitational attraction can hold. This feature suggests that the cosmic-ray density may generally approach the limit the magnetic fields can contain.
This concept is also given some theoretical support by the expected slow diffusion rate of cosmic-rays in the magnetic fields of the galaxy and the very possible high production rate of cosmic-rays, which together also suggest that in general the cosmic rays should be plentiful in a given region and should not move quickly to less dense regions. Therefore, it was assumed that the energy density of the cosmic rays is at or near its saturation value. As a trial assumption, Bignami and Fichtel [18] let the cosmic-ray density be proportional to the matter density. The fluctuations in matter density are then quite important in determining the expected gamma-ray intensity calculated by Eq. (1), since the gamma radiation becomes pro-
The density distribution of interstellar matter has generally been estimated from 21-cm radio data which, however, indicated only where the atomic hydrogen is and not the ionized and molecular
hydrogen. There are in addition some problems associated with the direct interpretation of the 2 1-cm data as discussed, for example, by Simonson [21] . First, there is clearly significant absorption of the 21-cm line over a band in galactic longitude about the galactic center, and also there are indications of high optical depth along spiral arm segments. Second, the interpretation of the observed intensity in the 21-cm line in terms of density depends on the assumed galactic velocity field, and there is increasing reason to believe the velocity pattern is not as simple as assumed in the earliest models. It is actually this latter problem which is of greater concern here, because it affects the peak-valley ratio of the matter density distribution.
It seems plausible, relying again both on measurements from external galaxies and on the density wave theory for the spiral pattern (e.g., Roberts and Yuan [22] ), to assume at least for the inner galactic arms that this ratio is five to one. With this assumption, the center to anticenter ratio can be explained as well as the distribution in the 3100 < II < 500 interval in the general way permitted by a cylindrical model approximation as shown in Fig. 5 .
In this model the Sagitarius arm makes a major contribution, and it is close enough in the III = 00 direction that its width in bll is less than the detector resolution. Fig. 3 , as noted earlier, clearly shows a distribution of at least two components.
In 
3.2.
Diffuse High Energy Gamma Radiation
Experimental Data
The gamma-ray experiment on OSO-III of Kraushaar et al. [1] first observed a finite, apparently constant diffuse flux for regions of the sky away from the galactic plane. An integral value of (3.0 + 0.9).1o0-5/(cm2sterad. sec.) was quoted for the intensity above 100 MeV, but essentially no energy spectral information was obtained.
SAS-2 has now also observed a finite, diffuse flux of gamma-rays with a steep energy spectrum in the energy region from 35 to 170 MeV in several regions withI bI I > 300 (Fichtel et al. [2, 11] . The spectrum is shown in Fig. 7 . Representing the energy spectrum by a power law of the form dJ/dE = AE -a over this energy range, a is found to be +0. 4 2.5 0o4: Combining this result with existing low-energy gama-ray data yields an energy spectrum which is not a simple power law in energy, as in the X-ray region, but which demonstrates first an increase and then a decrease in slope, as shown in Fig. 7 .
Discussion of Diffuse Radiation
If it is to be assumed that cosmic-rays pervade the entire universe, a specific cosmological model must be selected before any conclusions can be drawn. However, the relatively low intensity observed in the 100 to 170 MeV region places constraints on the distance to which cosmic rays at the density observed in the vicinity of the earth may extend in a closed universe. Since the limit will be seen to be sufficiently close in distance to avoid major cosmological effects, the calculation is straightforward. Using the gamma-ray measurements mentioned in the last paragraph the limiting radius is about fifty mega-parsecs for an interstellar density required for a closed universe, namely about 10-5/cm 3 .
Thus, a cosmic-ray density equal to that near the earth cannot pervade the universe, if it is closed,but the possibility that cosmic-rays at the local density exist throughout our local super-cluster of galaxies cannot be eliminated. Future gamma-ray observations at higher energies could further restrict this limit, unless, of course, a r0 -like spectrum is seen at these higher energies instead of the steep spectrum seen at 30 to approximately 170 MeV. If the universe is not closed, the matter density may be much lower. In that case specific cosmological models must be considered because the large distances require careful consideration of the appropriate red shifts.
It is also instructive to consider the possible origin of the diffuse radiation, since at least one explanation relates to primordial cosmic-rays. First of all, there is the possibility that the diffuse radiation is the sum of many weak discrete or extended sources of unknown origin. Only future experimental results can clarify the picture with regard to that possibility, There are, however, at least two other possibilities; one that the radiation comes from diffuse electrons interacting with matter, photons, or magnetic fields, and the other is that the gamma rays are of cosmological origin.
With regard to the diffuse electron possibility, bremsstrahlung seems unlikely. In an energy region, 1 to 10 MeV, where an increased slope would be expected due to an increasing rate of energy loss, the opposite is observed. For both synchrotron and Compton radiation, the observed photon spectrum would imply a similarly-shaped parent electron spectrum which would have even very much sharper spectral features.
Further, for all three cases, the intensity seems high to be consistent with reasonable estimates of the interstellar parameters.
Of the pure gamma-ray cosmological hypotheses, there are at least three that seem to be possible candidates. They are the cosmic-rayinterstellar matter interaction model, the particle-antiparticle annihilation in the baryon symmetry steady-state model, and the cosmicray-blackbody interaction model. In all theories, the resulting gammaray spectrum is red-shifted substantially by the expansion of the universe.
In an expanding model of the universe, the density of matter is much greater in the cosmological past than it is observed to be in the present. However, since the gamma radiation produced in interactions of cosmic-rays with matter in the distant past reaches us from large distances, the energy of these photons is degraded by the cosmological redshift caused by the expansion of the universe. One curve developed by Stecker [31] involving red-shifts up to about 100 is shown in Fig.   7 . The theoretical curve is seen to agree with experimental data reasonably well. If the maximum red-shift is at least 50, as the data implies, then the density of cosmic rays in intergalactice space is -4 10 of the local galactic value for an intergalactic matter density of 10-5 /cm 3 . This model does imply what appears to be an implausibly high cosmic ray energy density at early times in the universe.
An alternate attempt to explain the gamma radiation through redshifted gamma rays from rro decay arises from the big bang theory of cosmology with the principle of baryon-symmetry. Harrison [32] was one of the first to propose a model of this type. Omnes [33] following Gamow [34] , considered a big-bang model in which the universe is initially at a very high temperature and density, and then shows that, Wolfendale [36] has shown that this theory is also a possibility.
Low Energy Gamma Ray Bursts
In 1973, Klebesadel et al. [37] reported the detection of low energy gamma ray bursts. These have subsequently been confirmed by other groups. The most recent catalog of these hard X-ray--soft gamma and the Vela system (Klebesaded, et al. [39] . Notice that for the June 6 event which the Vela trigger system did detect, the Vela time for first detection occurs after the event has started and reached a level almost an order of magnitude above the SAS-2 threshold. This situation is also true for the March 2, 1973 event.
In spite of the apparently significantly greater sensitivity of SAS-2 as suggested by these comparisons and direct calculations, no other events of more than two seconds were observed beyond the three mentioned. A more detailed discussion of these events is given by Fichtel et al. [11] 
Compact Sources
Being above the atmosphere, the ability of the SAS-2 gamma ray telescope to see compact or point sources of gamma rays has been limited only by the diffuse celestial and galactic background and its own size and collection time. Desired quality aspect data for SAS-2 has only recently been received. It has now been applied to the entire galactic plane and two sources seen in the galactic plane will be discussed here.
Crab Nebula
There have now been a large number of positive results reported for gamma radiation from the Crab nebula [42, [43] [44] [45] [46] [47] [48] [49] [50] [51] . The observed spectral distribution present in Fig. 9 is seen to be essentially a power law and inconsistent with a n°-decay spectrum.
The most likely emission mechanism is electro-magnetic emission by energetic electrons accelerated by the pulsar, but more precise results are needed to allow a detailed investigation of specific models.
Vela Region
The large intensity increase in the Vela supernova remnant direction was mentioned earlier and has been discussed in a previous paper (hompson et a!. [4] ). This enhancement is significant at above the 8c level. The energy spectrum is hard and consistent with a predominantly rr° origin. Further, an extrapolation of the X-ray spectrum [52, 53, 54, 56] to the high energy gamma ray region lies well below the results presented here, indicating that some different production mechanism is present at high energies.
Assuming the excess gamma radiation to be due to cosmic rays association with the Vela supernova, assuming the supernova remnant to be 460 parsecs away, and assuming the matter density to be about 1.5 protons/cm 3 , 31050 ergs of energy would be in the form of cosmic rays from this supernova. This is a number in the energy range, 10 to 1051 ergs, needed if supernovae are to be the main source of galactic cosmic rays and is also in the range predicted by
Colgate [52] for the supernova hydrodynamic shock theory, as noted by Thompson, et al. [4] .
It is interesting to note that if a similar amount of energy were in the form of cosmic rays around the Crab nebula, the intensity would still be only about 1/15th of the Crab flux since the
Crab is approximately four times as far away from the sun as Vela.
Summary
As the previous sections have indicated, although celestial high energy gamma-ray research is just emerging as the newest branch of astronomy, it is already providing results which are of considerable importance in the study of the galaxy and the universe. It was seen that cosmic rays are almost certainly not uniformly distributed in the galaxy and are not concentrated in the center of the galaxy. The galactic cosmic-rays are more probably tied to structural features by magnetic fields, which are in turn held by the matter in the arm segments and clouds. However, the detailed study of the dynamic influence of the cosmic rays in source regions and the study of their diffusion in the galaxy will have to wait for a gamma-ray telescope an order of magnitude or more sensitive than SAS-2 and one with somewhat better angular resolution even than SAS-2.
A strong excess of high energy gamma rays was observed from the Vela region. If this excess is attributed to cosmic rays released from the Vela supernova interacting with the interstellar matter in that region, as seems reasonable, then on the order of 3.1050 ergs would have been released by that supernova in the form of cosmic rays.
On an extragalactic scale, it has been seen that it is possible to say that the cosmic ray density seen near the earth is not universal if the universe is closed; at present it is not possible, on the basis of the diffuse gamma-ray data, to exclude the possibility that the cosmic rays pervade the local supercluster. However, the apparent non-uniform distribution of cosmic-rays in the galaxy, if firmly established, would be a difficulty for this latter concept.
The diffuse celestial gamma-ray spectrum that is observed presents the interesting possibility of cosmological studies and possible evidence for a residual universal cosmic-ray density or even more interestingly support for galactic superclusters of matter and antimatter remaining from a baryon symmetric big bang. Again, a future gamma-ray instrument of much larger sensitivity with modest energy and angular resolution can answer these questions. In each case the count rate in the interval prior to the first one shown was less than 250 counts/(.7 6 8 second interval) "VELA" refers to the first indication of an event as seen by the VELA low energy gamma ray burst experiment [39] . 
